Introduction
Photochromic materials undergo a reversible structural change when irradiated with UV light [1, 2] , leading to an interconversion between a colorless, ring-closed, less polar spiropyran (SP) form to a colored, ring-opened, more polar merocyanine (MC) form [3] . The reverse transformation to the SP form (Scheme 1) takes place either thermally or on irradiation with visible light [4, 5] . Among many photochromic compounds studied, spiropyran derivatives offer facile synthesis, distinct chromic transition and fluorogenic nature of MC form in certain environments [3, 6] . They have been successfully embedded as a photochromic molecule into various polymers via electrospinning technique including cellulose acetate [7] , bacterial cellulose [8] , polystyrene [6] , polyethylene oxide [6] , polydimethylsiloxane [3] , poly (methacrylic acid) [9] , poly (methyl methacrylate) [10] , poly(vinylidene fluorideco-hexafluoropropylene) [11] , polyvinylpyrrolidone [12] and polyvinyl alcohol [13] .
Poly(ε-caprolactone) (PCL) is a promising synthetic biodegradable polymer having good biocompatibility and environmental degradability, as well as good mechanical properties [14−16] . It is a partially crystalline, synthetic aliphatic polyester (PES) having low melting temperature (T m ) [16, 17] . To the best of our knowledge, no previous study so far has been carried out to prepare photochromic PCL electrospun fibers. We demonstrated that information can be recorded on the surface of the mat as a patterned color image by using photo-masked UV light irradiation. When the patterned color image was subsequently irradiated with visible light, the recorded information could not be seen on the surface of the mat.
In the study, the preparation and properties of photochromic PCL electrospun fibers mat is reported for patterned color image recordings. The surface properties of the electrospun fibers were studied by Field Emission-Scanning Electron Microscopy (FE-SEM). Reflectance spectrophotometer, Ultravioletvisible (UV-Vis) spectrophotometer, Fluorescence micrographs and Water contact angle (WCA) measurements were used to characterize the photochromic properties of electrospun fibers.
Experimental

Materials
PCL (M w : 80,000) and a photochromic dye namely, 1'-3'-Dihydro-1',3',3'-trimethyl-6-nitrospiro [2H-1-benzopyran-2,2'-(2H)-Indole] (Indole) were purchased from Sigma-Aldrich (USA), and used as-received without any purification. 0.9 g of PCL (9 wt.-%) and 50 mg (0.5 wt.-%) of Indole were dissolved in chloroform/dimethylformamide (9:1 w/w) at room temperature. The polymer solution was stirred overnight before electrospinning.
Preparation of Electrospun Fibers
Electrospinning set up with a high-voltage power supply (NanoNC, Korea) was used as the source of the electric field to produce electrospun fibers [18] . The polymer solution was supplied through a 10 ml plastic syringe at a controlled feeding rate of 0.1 ml/h (Kd Scientific syringe pump) through a 23 Gauge needle. Several parameters were applied in order to optimize the electrospinning of the polymer solution and the optimal parameters were used. The voltage of 12 kV was applied and the tip-to-collector distance was fixed at 15 cm. Electrospun fibers were deposited continuously over the metallic drum. All specimens were dried to remove the residual solvent in a vacuum oven at 25 o C for 24 hours before use. The thicknesses of electrospun fiber mats were ranged from 30 to 40 µm.
Characterization of Electrospun Fibers
The photochromic PCL electrospun fibers mat was measured to calculate the color difference (ΔE) on Reflectance Spectrophotometer (Datacolor Spectraflash SF 600, USA) under illuminant D65, using 10 o standard observer with specular component included and UV component included. The color difference (ΔE) has been calculated by using the following equation (equation (1)). (1) where, ΔE: color difference, ΔL: lightness difference, Δa: redness or greenness difference and Δb: yellowness or blueness difference.
Photocoloration refers to the color build-up of the PCL/ Indole electrospun fibers mat after being UV-irradiated (365 nm); and the reverse process, decoloration refers to the actual color of the PCL/Indole electrospun fibers mat (UVirradiated) after being irradiated with visible light (D65). Both photocoloration and decoloration were investigated for different time intervals.
For photocoloration, the PCL/Indole electrospun fibers mat, at a controlled temperature of 24 o C, were irradiated from 2 to 8 min under UV light of 365 nm (Spectroline ENF 260C/FE, USA) placed at a distance of 8 cm from the substrate. The samples were measured 5 s after removal from the UV source. In order to determine decoloration, the samples were UV-irradiated for 120 s and the subsequent color change was measured under the visible light (D65) after the removal of UV-light source at various intervals (from 2 to 8 min). The photocoloration and decoloration measurements were performed in a controlled temperature room.
The morphology of electrospun fibers was obtained under FE-SEM (JSM 6701F, JEOL Japan). All samples were sputtered with Platinum under vacuum before assessment. The average fiber diameter was measured from the FE-SEM micrographs using image analysis software (Image Pro ® Plus, Version 5.1, Media Cybernetics, Inc.). The average thickness of electrospun fiber mats was measured by Digital Micrometer MCD130-25 with a measuring sensitivity of 1 µm. Ultraviolet-visible (UV-Vis) absorption spectra of the PCL and PCL/Indole solutions were obtained using a UV-Vis spectrophotometer (S-4100 PDA, Scinco Co. Ltd., Korea). Fluorescence micrographs of PCL/Indole electrospun fibers were taken on a polarizing microscope (Nikon Eclipse LV100). The surface wettability of PCL/Indole electrospun fibers was measured by static WCA at room temperature with contact angle analyser (Phoenix 300, SEO, Korea) capable of capturing twenty images per second. Five contact angle measurements were averaged to get a reliable value. Color fastness to washing test was performed in Gyrowash (James H. Heal Co., UK) by following ISO-105-CO1:2006. The evaluation of color
Spiropyran-merocyanine structures of the Indole dye.
fastness properties were performed in accordance with ISO-105-AO2:1993 (Grey scale for assessing change in color) and ISO-105-AO3:1993 (Grey scale for assessing staining) [19] .
Results and Discussion
Photocoloration and Decoloration of Electrospun Fibers
In Figure 1 (a), ΔE shows the color difference in between the un-irradiated sample and the UV-irradiated (365 nm) sample. The ΔE of PCL/Indole electrospun fibers before UVirradiation (SP form) has been read as Zero and therefore, considered as a reference. PCL/Indole electrospun fibers were converted from white to pink color under UV irradiation (Photocoloration). It can be seen that ΔE was enhanced with a simultaneous increase in the UV irradiation time ( Figure  1(a) ). This shows that the increasing UV irradiation time has a positive effect on the intensity of pink color.
Similarly, In Figure 1 (b), ΔE shows the color difference in between the UV-irradiated sample (365 nm) and the unirradiated sample. The UV-irradiated PCL/Indole electrospun fibers developed the most intense pink color (MC form) and therefore, have the maximum ΔE in comparison to the unirradiated sample (SP form). It can be seen from Figure 1(b) that the increasing time was resulted into a fast decay in ΔE initially followed by a steady decrease in ΔE. The transformation of the MC form to the SP form was achieved in 30 min under visible light (D65). Moreover, it was observed that the rate of photocoloration was faster than the rate of decoloration. Our result is in agreement with a previous report in which polyester fabric was dyed with photochromic dye [20] .
Image Recording on Electrospun Fibers
The recording of the information on PCL/Indole electrospun fibers mat was investigated through write-erase-write mechanism as shown in Figure 2(a)-(d) . The photochromic electrospun fibers were UV-irradiated through a photo-mask for 1 min generating pink color (MC form) only in the UV-exposed areas (Figure 2(b) ). On the other hand, the UV-unexposed areas maintained their original color (SP form) leading to the appearance of patterned color image (Figure 2(c) ). Moreover, the erasing of the patterned color image on the surface of the photochromic electrospun fibers mat takes place upon visible light irradiation for 10 min (Figure 2(d) ). The write-erase-write property of the PCL/Indole electrospun fibers were performed 100 times without any difficulty by alternating UV and visible light irradiations.
Morphology of Electrospun Fibers
The FE-SEM images of PCL and PCL/Indole electrospun fibers and the inset images taken from a digital camera (Canon Powershot G12) are presented in (Figure 3(a)-(b) ). It can be seen from the images that the PCL electrospun fibers are bead-free; and the incorporation of small photochromic dye molecules in PCL polymer solution did not affect the smooth morphology of the resulting electrospun fibers (Figure 3(a)-(b) ). Our results are in agreement with earlier reports [7, 8] . It was also observed that the average fiber diameter was significantly decreased comparing the PCL electrospun fibers with PCL/Indole electrospun fibers as shown in Table 1 . Similar findings were reported previously [7, 9] . Figure 4 (a)-(b) shows the UV-Vis absorption spectra of photochromic dye solution with and without PCL polymer under UV light irradiation of 365 nm. The formation of MC form of the photochromic molecule is evident by UV light irradiation as a new absorption peak observed at 575.1 nm (Figure 4(a)-(b) ). The color of the PCL/Indole solution was changed from colorless to pink after UV light irradiation. Furthermore, the peak present at 344.4 nm did not change after UV light irradiation. It suggests that there were still a large amount of photochromic dyes present in SP form within the PCL/Indole solution. Our results are in proximity with previous reports [3, 9] . For the MC form, the peak intensities obtained of the dye solution (without PCL) is considerably higher than the peak intensities of the dye solution (with PCL). This shows that the polymer matrix (PCL) is possibly restricting the transformation of the SP form of the photochromic dye molecule to the MC form, a process which involves a significant change in the molecular geometry from the planar MC form to the non-planer SP form. Figure 4 (c) demonstrates the photo-switchability of PCL/ Indole solution under repeated alternating irradiations with UV light for 5 min and subsequently with visible light for 10 min. We have found good photo-reversibility of the PCL/ Indole solution from SP form to MC form and vice versa during many cycles.
UV-Vis Spectrophotometry of Electrospun Fibers
Fluorescence Micrographs of Electrospun Fibers
The fluorescence micrographs of PCL/Indole electrospun fibers are demonstrated in (Figure 5(a)-(b) ). It can be seen that there is no fluorescence effect found for un-irradiated PCL/Indole electrospun fibers ( Figure 5(a) ). However, a strong red fluorescence was observed after UV-irradiation of PCL/ Indole electrospun fibers ( Figure 5(b) ). This observation is in accordance with previous studies demonstrating that the MC form is fluorescent [3, 6] .
Hydrophilicity of Electrospun Fibers
The surface hydrophilicity of the electrospun fibers was investigated with WCA measurements as demonstrated in (Figure 6 ). The WCAs of PCL/Indole electrospun fibers mat without UV irradiation and with UV irradiation for 120 s were found to be 105±5 o and 80±5 o respectively ( Figure 6 ). This decrease in WCA after UV irradiation on PCL/Indole electrospun fibers mat was due to the formation of MC form of the photochromic dye present within electrospun fibers. Similar findings were reported previously [7, 10] . Table 2 outlines the results of the photochromic PCL electrospun fibers mat tested for color fastness to washing. It can be seen from Table 2 that the ratings are good to excellent. It may probably be due to the hydrophobic nature of PCL and low concentration of the insoluble photochromic dye used. Also, photocoloration and decoloration of the washed sample demonstrated equivalent results as shown in Figure 1(a)-(b) . 
Analysis of Washing Fastness Test
Conclusion
The photochromic PCL electrospun fibers were successfully prepared via electrospinning technique for patterned color image recordings. The PCL/Indole electrospun fibers and PCL/Indole solution was found to be photo-switchable upon alternating UV and visible light irradiation. Furthermore, the rate of photocoloration was observed faster than the rate of decoloration for PCL/Indole electrospun fibers mat. FE-SEM images revealed the bead-free morphology of the electrospun fibers. Additionally, the average fiber diameter was significantly decreased comparing the PCL electrospun fibers with the PCL/Indole electrospun fibers. The UV irradiated PCL/ Indole electrospun fibers showed a brilliant red fluorescence as well as a decrease in the WCA. The analysis of color fastness to washing test demonstrated good to excellent ratings for photochromic PCL fibers mat. The photochromic PCL electrospun fibers mat may be very useful in applications where patterned color image recordings are desired.
